Abstract-Recent production of a new radar-based global DEM by the TanDEM-X space mission has opened new options for geomorphometric analysis across multiple scales providing 0.4 arc second spatial resolution. However, the accuracy and suitability of this data has not been evaluated in such an extensive manner as for the widely exploited SRTM data. We present a validation of the vertical accuracy of TanDEM-X DEM product and evaluation of its suitability for landform classification in a forested karst area. The Geomorphons method was used for the automated landform classification focused on identification of dolines for which polygons of dolines mapped by expert-driven approach were used for validation. Airborne lidar data in the form of DSM and DTM were used as the reference dataset for validation of the DEM. The results show that the vertical RMSE of the TanDEM-X data is 3.42 m with respect to lidar DSM and 9.64 m with respect to lidar DTM. The identification of dolines by the geomorphon approach achieved 73 % with TanDEM-X, lower than for the lidar DTM (85 %).
I. INTRODUCTION
Radar satellite systems are one of the most developing instruments in the field of geography within the frame of remote sensing. A very common application of radar sensors is the generation of digital elevation models (DEMs), which are essential data for geomorphometry, using synthetic aperture radar (SAR) interferometry. The most well-known product of it is nearglobal SRTM DEM. Although it originated in 2000, and several other DEMs followed (e.g. GDEM) it is up to this date the most widely used DEM of global coverage.
However, the twin constellation of Terra-SAR-X and TanDEM-X satellites, known as the TanDEM-X mission of the German Aerospace Center (DLR) and its partners, allowed for acquiring a unique global coverage of SAR-based elevation data of ~12 m spatial resolution and < 2 m claimed relative height accuracy [1, 2, 3, 4] . As with other SAR elevation products, the measured values are samples of the land cover surface elevations thus being a digital surface model (DSM). Nevertheless, the data have opened new horizons in global applications of geomorphometry which first stimulated research on their geometric and semantic accuracy in various kinds of environments including high mountains and urban landscape [5, 6, 7, 8] . Some of the validation studies are based on comparison with other global DEM products such as SRTM, ASTER GDEM, or ALOS World 3D of coarser resolution than of TanDEM-X data. Also, GNNS point or linear measurements are used [8] . In this case, GNSS reference measurements are based on a point sample support whereas the SAR elevation measurement refers to an area where average of elevation within the instantaneous field of view is recorded. Lidar coverage provides means for upscaling the reference elevation for both DTM and DSM to closely approximate the support of the TanDEM-X data. This approach was rarely exploited to date e.g. [6] . Given that TanDEM-X DEM represents a DSM, for geomorphologic studies, it is crucial to analyse its semantic accuracy of identification of landforms associated with the terrain surface.
Therefore, we focused this study on a forested karst area for which a high-resolution lidar coverage exists. The objective was to validate the TanDEM-X DEM data in terms of vertical accuracy and semantic accuracy. The latter aspect was based on the identification of karst depressions (dolines) by the means of the Geomorphons concept introduced by [9] . The dolines in this area were recently studied in [10] . Similar study comparing accuracy and usability of the GDEM against the lidar data using stream network derivation was carried out by [11] .
The area of interest (4.5 × 7 km) is a part of the Slovak Karst near the state border of Slovakia with Hungary, Central Europe (Fig. 1) . The area comprises the Silická planina Plateau with gradually decreasing altitude from 600 m a.s.l. in the north to about 305 m a.s.l. in the south. Dolines and sinkholes of blind valleys including caves are typical landforms in the area. The landscape evolved on carbonate rocks comprising mainly Triassic limestones and dolomites of the Silica Nappe. The land is covered by deciduous forests (70%) where oak and hornbeam are the most common species [12] . The rest of the study area comprises grassland (20%), shrubs (6%), and arable land (1%), built-up (1%) and other areas). 
II. DATA AND METHODS

A. Input data
First, DSM and DTM derived from airborne LiDAR point cloud, originated within an airborne LiDAR mission flown in August 2014, were used as the reference DEMs. The average density of all laser returns was 29 points/m 2 while it was 21 points/m 2 for the last returns only. Majority of the area is forested, therefore the average density of ground returns is 4 points/m 2 , but the minimum is not lower than 0.5 points/m 2 . The accuracy of measurement in open areas is reported at 0.1 m (1σ) by the data supplier. Further details see in [13] . The first returns and ground returns were used to produce the DSM and DTM, respectively. These models were derived by direct point-to-grid conversion into a squared grid of 10 m cell size with the las2grid module in LAStools [14] . The sampling support for the SAR method is an area approximately in the size of a TanDEM-X data cell, therefore the values of the cells in the lidar DTM/DSM were calculated as average Z coordinate (Baltic vertical datum after adjustment) of the lidar points within each cell. The original points and also the derived elevation grids were measured in the national cartographic projection system S-JTSK Krovak EastNorth (EPSG: 5514).
Second, the data tile TDM1_DEM__04_N48E020_V01_C as a global standard product derived from multiple TanDEM-X DEM acquisitions within 2011-2013 (© DLR 2016) was used. The original spatial resolution of 0.4 arc seconds corresponding to ~12 m cell size was resampled by bilinear interpolation to DEM with 10-meter resolution. The data were provided by the DLR in WGS 84 geographic coordinate system (EPSG: 4326) with elevations referring to ellipsoidal heights above the WGS 84 spheroid.
B. Vertical accuracy assessment and landforms classification
The lidar data were for the purposes of comparison converted to ETRS89 lat, long, h geographic coordinate system using the online transformation service of the Slovak Geodetic and Cartographic institute. Validation of the vertical accuracy of the TanDEM-X DEM against the lidar data was then done using map algebra and scatterplots of elevation residuals.
The most distinct and numerous landforms in the area with karstified bedrock are dolines. Expert-made delineation of them on the basis of the slope gradient and general curvature layers [10] were used as reference data (reference polygons). Altogether there are 332 manually delineated dolines within our study area with mean area of 9238.13 m 2 and mean radius of 62.94 m.
The r.geomorphon module in GRASS GIS was used for automated landform classification. Geomorphons [9] method employs concept of topographic pattern recognition, using only DEM as input data. In short, the algorithm looks from focus cell in eight principal directions and designates whether the neighbouring cells are higher, lower, or the same. Then, based on the pattern of the neighbouring cells, labels the focal one with one of the ten general landforms. Calculation depends on the four main parameters: outer search radius (search), inner search radius (skip), flatness threshold (flat) and flatness distance (dist). The settings used here were based on the mean radius of the reference polygons (≈ 6 raster cells): search = 12 cells (as double the mean radius), skip = 6 cells (as mean radius), flat = 1°, dist = 0 cells.
Depressions classified by the geomorphons method within the area of karstified carbonate bedrock were converted into polygons and compared with the reference polygons. Next, geomorphons classes were assigned to the centroids of the reference polygons and their membership to the depression class was evaluated.
III. RESULTS AND DISCUSSION
The statistics reported in Table 1 indicate that TanDEM-X data more closely approximates the land cover surface and largely overestimates the terrain surface. On the other hand, the differences are larger in the forested areas where the CHM values are high. Fig. 2 can be compared with Fig. 1 where the land cover is displayed. While the TanDEM-X underestimates the DSM in the forested land for which the residuals are negative, it overestimates the lidar DTM in the forested areas where the residuals become positive. The relationship between the residuals with respect to the DSM and DTM and the CHM are depicted on the scatterplots showing pairs of cell values in a scatterplot where the points are mapped by a probability density function (PDF). While the relationship is negative though weak for the DSM-based residuals, the DTMbased residuals show strong correlation with CHM which is significant at p = 0.01. This indicates that TanDEM-X DEM data in the study area do not represent the ground surface but the canopy surface which poses possible limitations to accurately identify the terrain features in a forested land. Similar findings were reported by [7] . Negative residuals of TanDEM-X and Lidar DSM below -10 m in our case can be related to the penetration of the X-band radar wavelengths into the tree canopy until the signal is scattered back, systematic underestimation on particular slope orientation inducing radar signal shadow and also to leaf-on/leaf-off condition during the time of sensing.
Landforms with planimetrical size up to 120 meters and not smaller than 60 meters were delineated by the geomorphons classification (Fig. 3A) . The comparison of reference polygons and polygonal representation of depressions derived by the geomorphons is displayed in Fig. 3B and in Table 2 . The highest number of depressions within the area of karstified carbonate bedrock was derived from the lidar DTM (216) Proportion of correctly classified dolines is also notably smaller, if the accuracy is targeted precisely to the centroids of the reference polygons (Table 3) . For the lidar DTM it is only compatibility of 62 %, decreasing to 33 % for the TanDEM-X DEM. Remaining centroids are classified as landform of valley, hollow, slope and spur. It can be also attributed to the settings of geomorphons calculation. Smaller dolines can be considered as valley or slope if too large inner or outer search radius is used. It applies also for the larger dolines if the search radiuses are too small. Evidently, more work regarding the determination of right settings of the geomorphons calculation needs to be done. 
IV. CONCLUSIONS
Based on the results, the TanDEM-X data, being DSM, largely overestimate the terrain surface when compared to the LiDAR-based DSM and DTM, rather representing canopy surface. In our predominantly forested study area this places limitations to accurate identification of landforms, which was shown by the Geomorphons classification targeted at the recognition of dolines. Further work will focus on areas with low percentage of canopy, e.g. mountainous areas, where, on the other hand, a problem of radar shadow can arise. Nevertheless, once the TanDEM-X DEM data will have underwent similar extensive post-processing as the SRTM, it will truly be able to bring revolution into global DEM data.
